Background and objectives The African American Study of Kidney Disease Trial identified risk factors for CKD progression and suggested that GFR level may modify the association between these risk factors and CKD progression or death.
Introduction
Patients with CKD progress to ESRD at varying rates (1) . African Americans with CKD suffer from particularly high rates of progression to ESRD (2) . In 2009, progression to ESRD in the United States was 3.5 times higher in African Americans than Caucasians (3) . Data from the African American Study of Hypertension and Kidney Disease (AASK) Trial show that the average rate of decline in GFR accelerated as patients progressed to ESRD (4), whereas a study in a more racially diverse population found a constant rate of decline (5) . Like all patients with CKD, African Americans with CKD also suffer from higher rates of infection, cardiovascular disease, and mortality compared with the non-CKD population (3, 6) . Understanding why African Americans are at a higher risk for CKD progression can help to (1) direct therapy to those patients who will benefit most, (2) appropriately counsel patients about disease prognosis, and (3) identify important modifiable risk factors.
Higher prevalence of several well described risk factors for CKD progression and development of ESRD in African Americans-such as proteinuria, hypertension, lower socioeconomic status, coronary disease, and high cholesterol-accounts for some, but not all, of the elevated risk of ESRD (7) . Among African Americans with CKD and hypertension followed in the AASK Trial, a number of risk factors associated with CKD progression or death have been identified (8, 9) . One study from the AASK cohort suggested that a doubling of proteinuria may be more closely associated with CKD progression in patients with advanced CKD compared with patients with mild CKD (8) . Although the interaction between proteinuria, severity of CKD, and CKD progression could help to explain the increased risk of CKD progression observed in African Americans, it is unknown whether this interaction persists after accounting for other known risk factors for CKD progression.
We used data from the AASK cohort to test the hypothesis that GFR level modifies the relationship between proteinuria and CKD progression or death after controlling for other known CKD risk factors. Additionally, we examine whether GFR level modifies the relationship between other previously described risk factors for CKD progression or death in the AASK cohort.
Materials and Methods

Participants and Study Design
This study is a secondary analysis of the main AASK Trial cohort, which has been described previously (4) . Briefly, the AASK Trial was a multicenter randomized clinical trial comparing the effect of strict BP control (mean arterial pressure [MAP] ,92 or ,125/75 mmHg) with normal BP control (MAP=102-107 or 140/90 mmHg) and three antihypertensive regimens. Enrollment in the AASK Trial occurred between June of 1995 and September of 2001. Patients were randomized to receive ramipril, metoprolol, or amlodipine. Other drugs were added stepwise to achieve the BP goals. Patients (n=1094) were self-identified African Americans who had hypertension and were ages 18-70 years with GFR between 20 and 65 ml/min per 1.73 m 2 and no other identified causes of renal insufficiency. Exclusion criteria included (1) diastolic BP,95 mmHg; (2) known history of diabetes mellitus (fasting blood glucose.140 mg/dl or random glucose.200 mg/dl); (3) urinary protein to creatinine ratio (UP/Cr).2.5; (4) accelerated or malignant hypertension within 6 months; (5) secondary hypertension; (6) serious systemic disease; (7) clinical congestive heart failure; and (8) specific indication for or contraindication to a study drug or study procedure.
Data Collection
During the AASK Trial, baseline information was collected for demographics and lifestyle habits. A central laboratory measured baseline serum and urinary chemistry levels. GFR was assessed by I (125) -iothalamate clearance two times during baseline, at 3 and 6 months, and every 6 months thereafter during follow-up. GFR was expressed after standardization for body surface area in units of milliliters per minute per 1.73 m 2 . Urinary protein excretion was expressed as UP/Cr from a 24-hour urine collection. Three consecutive seated BP measurements were taken using a Hawksley random zero sphygmomanometer after at least 5 minutes rest, with the mean of the two last readings recorded. The baseline BPs were the BP measurements obtained at the screening visits before randomization.
Outcome Variables
The main outcome measure in this study was a clinical composite given by the time from randomization to (1) a GFR event, defined by a confirmed decline in GFR by either 50% or 25 ml/min per 1.73 m 2 from the mean of two baseline GFR measurements, (2) occurrence of ESRD, or (3) death. A secondary renal outcome was a composite given by the time from randomization to either (1) a GFR event or (2) occurrence of ESRD.
Predictor Variables
Risk factors for CKD progression or death assessed in this study included risk factors previously linked to progression or death in epidemiologic studies from the AASK Trial cohort. These factors included smoking history, sex, age, fasting blood glucose, serum phosphate, MAP, serum albumin, urine sodium, LDL cholesterol, triglycerides, history of heart disease, hematocrit, urine protein, urine urea nitrogen, body mass index, and high uric acid (.8 mg/dl).
Heart disease was included as a composite of either a history of heart disease or left ventricular hypertrophy. Because of a skewed distribution and based on a previously described association between doubling of UP/Cr and hazard of CKD progression, we used the log transformation of UP/Cr as a predictor in the analysis (8) .
We selected six risk factors to test for an interaction with GFR in their association with clinical composite outcomes. These factors were selected a priori based on pathophysiologic plausibility and the strength of their association with outcomes described in previous analyses of the AASK cohort. They included proteinuria, smoking history, heart disease, male sex, hematocrit, and serum phosphorus.
Baseline Characteristics
To describe variation in differences in baseline characteristics and outcomes by level of GFR, the dataset was separated (for descriptive purposes) according to high and low GFR (high and low GFR defined by stages 3a CKD [GFR$45] and stages 3b or 4 CKD [GFR,45], respectively). Baseline Kaplan-Meier curves were plotted after stratifying the population by GFR level and proteinuria, with the median value of 0.081 used for stratifying proteinuria.
Statistical Analyses
In a multivariate analysis, time to death, GFR decline, or ESRD was modeled using Cox regression as a function of known CKD risk factors and selected interaction terms. P values based on the 95% confidence intervals (CIs) for interaction term coefficients were used as a measure of statistical significance, and a Bonferroni correction was used to test for statistical significance in the setting of multiple comparisons (threshold for statistical significance was 0.008). Before their inclusion in the model, all variables were assessed for linearity in their association with hazard of clinical composite outcome (10) . Because of nonlinear associations with the hazard of clinical composite outcome, GFR was included in the model after a log transformation, whereas serum albumin and body mass index were divided into dichotomous variables based on their median values.
Because of substantial amounts of missing values for triglycerides and left ventricular hypertrophy (a component of the heart disease composite), we undertook multiple imputation to estimate missing values (11, 12) . The results after multiple imputation were not substantively different in estimated interaction terms compared with the results from the complete dataset. Baseline characteristics were compared among participants with and without missing data, and they were different only in sex (56.7% of participants with missing data were male versus 43.3% of patients without missing data were male) and MAP (113 mmHg in patients with missing data versus 115 mmHg in patients without missing data). Each variable was tested for violation of the proportionate hazards assumption. A separate analysis corrected for observed violations without significantly changing the results.
A separate analysis using a secondary renal composite outcome assessed the interaction between GFR and the six selected risk factors in determining time to GFR decline or ESRD. In this analysis, patients were censored at death. As in the primary analysis, GFR and proteinuria were modeled using log transformations, and albumin and body mass index were separated into dichotomous variables.
This project was approved by the institutional review board of Emory University School of Medicine.
Results
Population Characteristics
There were 1094 patients included in the analysis; 603 (55.1%) patients had a GFR$45 ml/min per 1.73 m 2 , whereas 491 (44.9%) patients had a GFR,45 ml/min per 1.73 m 2 . The clinical composite outcome (death, GFR decline, or ESRD) was more common in patients with lower baseline GFR, with 44.8% of patients with a GFR,45 ml/ min per 1.73 m 2 experiencing the composite outcome compared with 19.9% of patients with GFR$45 ml/min per 1.73 m 2 . The renal composite outcome (GFR decline or ESRD) was also more common in patients with lower baseline GFR (36.0% in patients with lower GFR; 13.8% in patients with higher GFR). There was a higher proportion of females in the lower GFR group (45.2%) compared with the higher GFR group (33.5%), and the lower GFR group was slightly younger (mean age=53.6 years) compared with the higher GFR group (mean age=55.4 years). Most risk factors assessed varied by GFR, with comparatively lower hematocrit, albumin, LDL cholesterol, 24-hour urine sodium excretion, glucose, and urine urea nitrogen and comparatively higher serum phosphorus, UP/Cr, and high uric acid in the lower GFR group. GFR groups were similar in triglyceride levels, body mass index, smoking history, and prevalence of heart disease. There was no difference between the two groups in the proportion randomized to low versus high BP target. The mean duration of follow-up was 47.4 months (SD=17.3), whereas the median was 48.6 months ( Table 1) .
A Kaplan-Meier survival plot of time to clinical composite outcome stratified by degree of proteinuria and high versus low GFR group shows a trend to decreased unadjusted survival (i.e., worse patient outcomes) caused by high proteinuria in patients with lower GFR compared with patients with higher GFR. The P value testing the significance of this trend (using Cox regression to test for an interaction between strata) was 0.16 ( Figure 1 ). 
Multivariate Analysis Stratified by CKD Severity
In the multivariate analysis testing for interaction between the six selected risk factors and GFR while controlling for other baseline risk factors, baseline GFR significantly modified the association between proteinuria and clinical composite outcome. Specifically, higher UP/Cr values were more closely associated with clinical composite outcome at lower levels of GFR compared with higher levels of GFR (P=0.002) after controlling for other potential risk factors (Table 2 ). Based on the estimated coefficients, the increased hazard of the clinical composite outcome associated with a doubling of proteinuria ranged from 30% (95% CI=21%-39%) with a GFR of 50 to 55% (95% CI=40%-72%) with a GFR of 25 ( Figure 2 ). The level of baseline GFR did not modify the association between any of the other potential risk factors tested and the clinical composite outcome.
In a test for the interaction between the six selected risk factors and GFR in their association with the secondary renal composite outcome (ESRD or decline in GFR), proteinuria continued to interact with GFR (P,0.001). Specifically, higher UP/Cr values were more closely associated with ESRD or reduction in GFR at lower levels of GFR compared with higher levels of GFR. The interaction between heart disease and GFR level was of borderline statistical significance (P=0.04), suggesting a stronger association between heart disease and GFR decline or ESRD at higher levels of GFR. However, this interaction was not statistically significant after accounting for multiple comparisons. Baseline GFR did not modify the association between any of the other tested risk factors and the renal composite outcome (Supplemental Table 1 ).
Discussion
This study shows that, of six previously identified risk factors for CKD progression or death in the AASK cohort, after controlling for the effect of other baseline risk factors in a multivariate analysis, proteinuria was more closely associated with CKD progression or death in patients with more advanced CKD compared with patients with less advanced CKD. In a separate analysis censoring for death, proteinuria continued to be more closely associated with ESRD or GFR decline at lower levels of baseline GFR.
The finding that the association between proteinuria and CKD progression, ESRD, or death is stronger at lower GFR levels adds an additional dimension to the importance of proteinuria in African Americans. It has previously been shown that lower GFR and higher proteinuria alone can explain much of the observed differences in development of ESRD between African Americans and other races (13) . Our findings suggest that, at least in African Americans with hypertensive nephrosclerosis, the interaction between proteinuria and GFR may also contribute to the observed racial disparities. A trend to decreased survival (i.e., worse patient outcomes) caused by proteinuria in patients with lower GFR compared with patients with higher GFR is illustrated by a wider gap between solid lines (low GFR) compared with a smaller gap between dashed lines (high GFR). In an unadjusted Cox regression, the interaction between lower GFR and higher proteinuria strata was not statistically significant (P=0.16).
There is reason to suspect that the observed interaction between proteinuria and GFR may be unique to African Americans, because several studies involving other populations have failed to identify this interaction. For instance, a study of men at high risk for cardiovascular disease-based on the Multiple Risk Factor Intervention Trial-found that, although dipstick proteinuria and low estimated GFR were independently associated with development of ESRD, there was no interaction (14) . Although a study of a community-based cohort in Alberta, Canada found significant interactions between proteinuria and GFR in determining death and CKD progression, the interactions operated in the opposite direction of what we observed-in that study, lower GFR reduced the effect of proteinuria on death or CKD progression (15) .
This finding is important from both pathophysiologic and clinical perspectives. Pathophysiologically, it is consistent with the hypothesis that proteinuria perpetuates glomerular injury, leading to a progressive cycle of renal dysfunction through mechanisms such as cytokine release, promotion of interstitial damage, upregulation of the renin-angiotensin aldosterone system, and altered glomerular hemodynamics (16) (17) (18) (19) (20) (21) . Clinically, it reinforces that African Americans with advanced kidney disease and proteinuria could benefit substantially from close monitoring and aggressive efforts to reduce proteinuria. This finding is particularly important considering the finding that the magnitude of reduction in proteinuria was associated with the risk of ESRD in patients enrolled in the AASK Trial (22) .
There is an increasing interest in developing tools for predicting the risk of CKD progression using a so-called renal risk score, which is similar to the Framingham Risk Score for cardiovascular disease (23, 24) . A validation study testing several predictive models found that they were accurate but noted that minority groups, including African Americans, were underrepresented in their data (25) . This study suggests that, to accurately develop prognostic models in African Americans, it may be necessary to consider the stronger association between proteinuria and adverse outcomes in patients with more advanced CKD.
There are several limitations with this study. First, by using a clinical composite outcome as the primary endpoint, we were unable to differentiate the effect of the various risk factors on each specific outcome (such as death, ESRD, or CKD progression). However, this composite was necessary to avoid bias because of informative censoring that could have occurred if the analysis was restricted to more specific competing outcomes. Using the composite outcome also increased the power of the study to detect interaction effects. Second, large numbers of missing data associated with risk factors, such as triglycerides and left ventricular hypertrophy, necessitated the use of multiple imputation. Third, because this study is a secondary analysis, these results will need to be replicated in additional populations to improve generalizability.
Previous studies have highlighted the importance of proteinuria in explaining the increased risk of CKD progression observed in the African-American population. By showing that the severity of CKD modifies the relationship between proteinuria and adverse clinical outcomes in a cohort of African Americans with measured GFR, our study provides an additional pillar to our understanding of why renal outcomes are worse in African Americans. 
